Background--The safety of testosterone supplements in men remains unclear. In the present study, we tested the hypothesis that in young and old male spontaneously hypertensive rats (SHR), long-term testosterone supplements increase blood pressure and that the mechanism is mediated in part by activation of the renin-angiotensin system.
However, the safety of androgen supplementation is still not clear since it could lead to hypertension, a major risk factor for myocardial infarction and stroke. [3] [4] [5] [6] The role of endogenous androgens and cardiovascular disease is also not clear since young men have higher blood pressure and greater risk of developing myocardial infarction than matched-age women. 7 Recently, 2 clinical studies showed that testosterone supplementation increased the mortality rate attributable to cardiovascular disease. 6, 8 Men who used anabolic steroids, a synthetic derivative of testosterone, had a higher risk of hypertension, ventricular remodeling, and sudden cardiac death. 9 In contrast, men who had ST-segment depression during a stress test were improved with testosterone supplements due to the shortterm vasodilator action of androgen supplements. 10 Therefore, whether testosterone supplements have beneficial or deleterious cardiovascular effects still remains controversial and may depend on the preparation and the length of treatment.
In recent years we have evaluated the effect of androgens in male animal models. We reported that long-term androgen supplementation in obese male Zucker rats caused an increase in blood pressure, but improved other cardiovascular risk factors, such as metabolic syndrome and inflammation. 11 In contrast, in young male spontaneously hypertensive rats (SHR), we found that endogenous androgens play a role in the regulation of blood pressure since the hypertension was attenuated when the rats were castrated. 12 The mechanisms responsible for the elevated blood pressure in young intact male SHR include activation of the renin-angiotensin system (RAS) and activation of the sympathetic nervous system. We also showed that renal denervation reduces blood pressure in young adult male SHR. 13 We and others reported that intracerebroventricular blockade of the melanocortin 4 receptor in young and old male SHR reduces their blood pressure, but has no effect on either young or old females, 14, 15 showing a sex difference in this pressor mechanism that may be related to androgens since the old males are not hypogonadal. Finally, we showed that tempol, the superoxide dismutase mimetic, reduced blood pressure in young male SHR, but not young females when begun after puberty, 16 also showing a sex difference. As mentioned, these sex differences may be related to the levels of androgens since castration of male SHR attenuates the blood pressure to levels found in females. 12 These data suggest that testosterone, whether endogenous or exogenous, plays a role in the regulation of blood pressure in males, but the mechanisms need to be further evaluated.
In the present study, we tested the hypothesis that in old and young male SHR, long-term testosterone supplements increase blood pressure and that the mechanism is mediated in part by activation of the RAS.
Material and Methods
All of the protocols complied with the Guidelines for the Care and Use of Laboratory Animals by the National Institutes of Health and were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center.
Young male SHR were obtained at 10 weeks of age from the vendor (Harlan, Indianapolis, IN), and maintained in 12 hour:12 hour light:dark cycle with ad libitum access to diet (Envigo Tecklad 22/5 Rodent Diet, cat.# 8640, Madison, WI) and tap water. Rats were aged to 4 months (young) or 18 to 22 months (old). They were randomly divided into 4 groups (n=6/group): control young or old males that were implanted with silastic placebo pellets; young or old males that were implanted with silastic testosterone pellets, as described below (old male SHR with placebo-OMSHR+P or testosterone-OMSHR+T, n=6; and young male SHR with placebo -YMSHR+P or testosterone-YMSHR+T; respectively). Throughout the testosterone treatment period, food and water intake were measured weekly.
Testosterone Supplement and Plasma Testosterone Levels
Silastic implants (10 mm, ID: 0.062 in; OD: 0.125 in; Dow Chemical Co, Midland, MI) were packed with testosterone propionate (8 mg/pellet; Sigma, St Louis, MO) and sealed with silastic glue. Pellets were soaked overnight in 70% ethanol before implantation. Rats were implanted with testosterone pellets at ages either 16 weeks (young males) or 18 to 22 months (old males). Pellets were changed once at 4 weeks, and rats were studied 2 weeks later.
Measurement of Metabolic Parameters
Testosterone levels were measured in untreated rats at various ages (3, 5, 7, 8, 9, 12, 14, 18 , and 22 months) and in rats, aged 22 weeks or 18 to 22 months receiving testosterone pellets or controls, in serum drawn from the jugular vein with rats under isoflurane anesthetic, and using a commercially available radioimmunoassay kit (Coat-A-Count testosterone kit; Diagnostic Products Corporation, Los Angeles, CA), as we have described previously. 11 Plasma estradiol was measured at the end of the experiment by Ultrasensitive Estradiol Kit (Diagnostic Systems Laboratories, Inc, Webster, TX), according to manufacturer's recommendations, as we previously described. 17 Plasma leptin was measured by
Clinical Perspective
What Is New?
• The effect of testosterone supplements on blood pressure in hypertensive animals is age-dependent.
• While in young adult male spontaneously hypertensive rats testosterone supplements have a positive effect to decrease fat mass and body weight, they increase blood pressure.
• In contrast, in old male spontaneously hypertensive rats, testosterone has no effect on the lean mass, fat mass, or body weight, but decreases blood pressure.
What Are the Clinical Implications?
• This study highlights the fact that in a specific population such as hypertensive middle-aged men, testosterone supplements could have adverse cardiovascular consequences and caution should be taken in prescribing them.
• In contrast, in men of advancing age, testosterone supplements may provide maintenance of body weight and mass and actually reduce cardiovascular risk factors such as hypertension.
commercially available kits (leptin: Linco Research, St Charles, MO), as described by the manufacturer. 15 
Body Composition by ECHO MRI
In young and old male SHR (n=6/group), body composition including total body fat mass, lean mass, and total body water, were measured by ECHO-MRI (41-900 model Body Composition Analyzer, ECHO MRI, Houston, TX), according to manufacturer's directions. Data are presented in grams and total body adipose fat was factored for body weight in all animals and expressed as a percentage.
Measurement of Blood Pressure
After 4 weeks of testosterone supplementation in young or old males, radiotelemeters (Model: HD-S10; DSI, Minneapolis, MN) were implanted, as we have described previously. 18 After a 2-week recovery period, baseline mean arterial pressure (MAP) was measured for 5 days and recorded.
Angiotensin-Converting Enzyme Inhibitor Treatment
To determine whether the pressor effect of testosterone supplements was mediated through the RAS, young male SHR (n=6), implanted with testosterone supplements or placebo pellets, were treated with enalapril (angiotensin-converting enzyme inhibitor, 250 mg/L drinking water) and MAP measured for 7 days.
Statistical Analyses
All results are expressed as meanAESEM. Multiple groups were analyzed by 2-way ANOVA followed by Student-NewmanKeul's comparisons. Time series blood pressure data were analyzed by repeated-measures 2-way ANOVA followed by Student-Newman-Keul's comparisons. Differences were considered statistically significant at P<0.05. Statistical analyses were performed with SigmaStat software package version 3.1 (Systat Software, San Jose, CA).
Results
Plasma Testosterone Levels and Body Weight Figure 1A shows that endogenous serum testosterone levels began to fall by 7 months of age in male SHR, but were maintained fairly constant through 14 months of age. By 18 months of age, testosterone levels were reduced by 8-fold compared with YMSHR at 3 and 5 months. This reduction in testosterone from 7 to 14 months is accompanied by an increase in body weight ( Figure 1B ). By 14 months of age, male SHR reached a plateau in body weight ( Figure 1B ). However, by 22 months of age, the body weight was decreased to levels not different from 5-monthold males. Testosterone levels were reduced by almost 90% in old male controls compared with young male controls. Testosterone supplements increased serum testosterone by 2-fold in YMSHR-T compared with YMSHR-P, and by 4-fold in OMSHR-T compared with OMSHR-P (Figure 2A ). Testosterone supplements caused a reduction in body weight in YMSHR-T compared with YMSHR-P but had no effect on body weight in OMSHR-T compared with OMSHR-P ( Figure 2B ).
Fat and Lean Mass With Testosterone Supplements
Fat and lean mass were measured by ECHO MRI. As shown in Figure 3 , OMSHR had more than 2-fold higher fat mass than in YMSHR. Testosterone supplements had no effect on either fat mass or lean mass in OMSHR-T ( Figure 3C and 3D ), but reduced fat mass and lean mass in YMSHR-T ( Figure 3A and 3B).
Estradiol and Leptin
Because testosterone is converted to estradiol by aromatase, we measured the level of estradiol in these animals. In YMSHR-T, estradiol levels were significantly higher than in OMSHR ( Figure 4A ). Testosterone supplements increased plasma estradiol by 3-fold in YMSHR but had no effect on estradiol on OMSHR. .05 vs OMSHR-P. B, Testosterone supplements decreased body weight in YMSHR-T but not OMSHR-T. *P<0.05 vs placebo treated rats. OMSHR-P indicates old male SHR with placebo; OMSHR-T, old male SHR with testosterone; SHR, spontaneously hypertensive rats; YMSHR-P, young male SHR with placebo; YMSHR-T, young male SHR with testosterone.
As shown in Figure 4B , plasma leptin levels tended to be higher in OMSHR-P than YMSHR-P, but the differences were not significant. Along with the reduction in fat mass and body weight, testosterone supplements reduced plasma leptin in YMSHR but failed to affect plasma leptin in OMSHR-T.
Mean Arterial Pressure
Mean arterial pressure was significantly higher in OMSHR than YMSHR (OMSHR: 166AE7 mm Hg; YMSHR: 148AE0.5 mm Hg, n=6, P<0.05, Figure 5A ). In YMSHR-T, testosterone supplements significantly increased MAP compared with YMSHR-P ( Figure 5B ). However, in OMSHR-T, testosterone supplements significantly attenuated MAP ( Figure 5C ).
Depressor Response to Enalapril
In order to determine the mechanism by which testosterone supplements increased blood pressure in YMSHR-T, rats were treated with enalapril, the angiotensin I-converting enzyme inhibitor. As shown in Figure 6 , enalapril reduced MAP in both YMSHR-P and YMSHR-T, but had a greater effect on MAP in YMSHR-T, suggesting that androgens stimulated the RAS to increase the blood pressure in YMSHR.
Discussion
The main findings of this study are the following: (1) Aging is accompanied by a decrease in endogenous testosterone and an increase in body weight in male SHR; (2) Testosterone supplementation reduced body weight and fat mass but increased blood pressure in young male SHR; (3) In contrast, testosterone supplementation causes a reduction of blood pressure with no effect on either body weight or fat mass in OMSHR; (4) The RAS likely contributes to the testosteronemediated increase in blood pressure in young male SHR, but the mechanism by which androgens in old males attenuates hypertension remains to be determined.
Aging in men is accompanied by a decrease in endogenous testosterone, and is associated with an increase in body weight, visceral fat, dyslipidemia, hypertension, and other cardiovascular risk factors. 8 As a part of the treatment for this condition, the use of testosterone supplements has been on the rise around the world, with several reports indicating that this treatment improved lifestyle, libido, sexual performance, and muscle strength. 19 However, recent evidence also showed that testosterone supplements in aging men are associated with increased mortality as a consequence of cardiovascular events. 8 These data open questions regarding the safe use of testosterone replacement therapy, particularly in aging men. Figure 3 . Age-related differences in fat mass and lean mass in young and old males given testosterone supplements. Testosterone supplements reduced fat mass (A) and lean mass (B) in young male spontaneously hypertensive rats (SHR)-testosterone (YMSHR-T) compared with controls young male SHR -placebo (YMSHR-P), but had no effect on either lean mass (C) or fat mass (D) in old male SHRtestosterone (OMSHR-T). *P<0.05 vs YMSHR-P.
In our study, male rats exhibited an increase in body weight until 14 months of age (middle age) followed by a reduction in body weight with advanced aging. Testosterone levels were highest at 3 to 5 months of age, and then decreased and plateaued from 7 to 14 months of age. By 18 months of age, testosterone levels were significantly reduced by 90% compared with the levels in young males. Testosterone supplements in young male SHR reduced body weight, fat mass, and plasma leptin levels. In aging male SHR, while body weight was higher, testosterone supplements had no effect on body weight, fat mass, or plasma leptin levels. Most studies in hypogonadal men show that testosterone supplements increase lean mass and decrease fat mass. 20, 21 Our young males were not hypogonadal when they were treated with testosterone, and this may explain why we did not see an increase in lean mass but did see a reduction in fat mass.
Importantly, our study showed that testosterone supplements increased the blood pressure in young male SHR. This finding is not surprising since we showed previously that castration reduces blood pressure in male SHR. 12 Moreover, castration at 8 months of age, when androgen levels are still above hypogonadal range, prevented renal injury by 18 months of age, with a reduction in blood pressure of %20 mm Hg. 22 Castration of male Dahl salt-sensitive rats also attenuates the pressor response to high salt diet, 23 although castration alone did not affect the baseline blood pressure. In other studies, testosterone supplements in male obese Zucker rats caused improvement in metabolic syndrome parameters, such as reduced insulin, leptin, cholesterol, and inflammation, but caused an increase in blood pressure. 11 In contrast to the young male SHR in our current study and these other studies, the obese Zucker rats are Figure 4 . Plasma estradiol and leptin levels in young and old male SHR with or without testosterone supplements. A, Testosterone supplements increased plasma estradiol in young male SHR (YMSHR) but had no effect in old male SHR (OMSHR). *P<0.05 vs YMSHR-P (placebo); # P<0.05 vs YMSHR-T (testosterone). B, Testosterone supplements reduced plasma leptin in YMSHR but had no effect on OMSHR. *P<0.05 vs YMSHR-P. SHR indicates spontaneously hypertensive rats. Figure 5 . Mean arterial pressure (MAP) in young and old male SHR with and without testosterone supplements. MAP was higher in old male SHR-placebo (OMSHR-P) than young male SHR-placebo (YMSHR-P, A). Testosterone supplements increased MAP in young male SHR-testosterone (YMSHR-T) compared with YMSHR-P (B), but reduced MAP in old male SHR-testosterone (OMSHR-T) compared with OMSHR-P (C). A, *P<0.05 for OMSHR-P vs YMSHR-P; B, *P<0.05, OMSHR-P vs OMSHR-T; C, *P<0.05, YMSHR-T vs YMSHR-P. SHR indicates spontaneously hypertensive rats. morbidly obese and hypogonadal and have low serum levels of testosterone (60% to 70% lower than lean Zucker littermates). 11 Thus, the responses to testosterone supplements may be different in hypogonadal males than in testosterone-sufficient males. In any case, our data suggest that in young men, especially men who are already hypertensive, blood pressure should be monitored closely during testosterone supplementation in order to prevent further cardiovascular disease events. Also, more data are needed to evaluate the effect of testosterone supplementation in aging men.
While the present studies evaluated the long-term effects of androgen supplements, Perusqu ıa et al showed that shortterm intravenous infusion of testosterone or testosterone derivatives caused a reduction in blood pressure in young (18-21 weeks) male SHR or WKY. 24 The response was nongenomic and mediated through L-type voltage-operated Ca2+channels (L-VOCC). These investigators also reported that castration increased systolic blood pressure over 10 weeks in Wistar and WKY rats, as measured by tail plethysmography. 24 In addition, these investigators previously reported that short-term testosterone supplements caused reductions in blood pressure that were neuronal nitric oxide synthase-dependent. 25 We have made similar observations with telemetry blood pressure when testosterone or dihydrotestosterone pellets are implanted in male or female rats; there is a transient reduction in blood pressure that returns back to baseline levels within 24 hours (Maranon RO, MD, PhD and Reckelhoff JF, PhD, 2016, unpublished data). Thus, in addition to the age of the individual, whether androgens are given long term or short term makes a difference in the blood pressure response. In order to determine the mechanism by which the blood pressure was elevated with long-term androgen supplements in young male SHR, we evaluated the depressor response to angiotensin-converting enzyme inhibitor. We observed that enalapril caused a greater reduction in MAP in young males who received testosterone supplements, even decreasing blood pressure to a level lower than in untreated males, suggesting that testosterone increases blood pressure through a RAS-mediated process. We showed in previous studies in SHR that enalapril could reduce the blood pressure in young adult intact males and females, or gonadectomized males or females. 26 Thus, further studies are necessary for young and middle-aged men to determine whether androgen supplements upregulate the RAS specifically, which could also increase the risk for cardiovascular disease. Why testosterone supplements failed to increase but rather decreased the blood pressure in older male SHR is not clear. The mechanism is independent of improvement of metabolic parameters since the androgen supplements did not reduce fat mass, body weight, or plasma leptin levels in the old males. In addition to being different than in young male SHR, the data are also different than we previously found in obese Zucker rats. 11 As noted above, testosterone supplements in obese Zucker rats did improve their metabolic parameters and renal inflammation but also increased their blood pressure significantly. In the present study, since the old males showed a reduction in blood pressure with testosterone, it is not likely that the renal vasoconstrictor RAS was activated, and thus we did not evaluate the response to enalapril. It is also not likely that the mechanism responsible was mediated via testosterone-mediated inhibition of the sympathetic nervous system since we have shown that blockade of the MC4R, which causes activation of the sympathetic nervous system, is important in blood pressure in both old and young male SHR. 15 It is also not very likely that a reduction in oxidative stress with testosterone supplements impacted the blood pressure in old males, since we have shown that in order for a reduction in oxidative stress to reduce blood pressure, there must be nitric oxide present. 27 With the long-term hypertension and the age of these animals, it is likely that they have endothelial dysfunction and reduced nitric oxide, and thus even if testosterone reduced the oxidative stress, there would be little nitric oxide to reduce blood pressure. It is possible that testosterone activated other systems in the kidney that produced a depressor effect, such as 20-HETE in the tubules. We and others have shown that androgens increase 20-HETE via activation of x-hydroxylases such as cytochrome P450 4A2. 28, 29 If the increase in 20-HETE occurs in the tubules rather than the vasculature, the result may be sodium excretion and a reduction in blood pressure. Future studies will be necessary to determine the mechanisms responsible for the attenuation of hypertension in old male SHR with testosterone supplements. In addition, whether these data with androgen supplements are applicable to aging men has also not been extensively studied to determine whether this is an anomaly in the aging male rat or whether it can be generalized to aging men as well. In summary, testosterone supplements in young, nonhypogonadal male SHR cause an increase in blood pressure along with reductions in body weight, fat mass, and leptin levels. The elevated blood pressure is likely mediated by activation of the RAS since angiotensin-converting enzyme reduces their blood pressure more than in placebo control males. In contrast, long-term testosterone supplements in aging male SHR have no effect on body weight, fat mass, or leptin levels and decreases their blood pressure. Future studies are necessary to determine the mechanisms responsible for the attenuation of hypertension in aging male SHR, and whether these data can be generalized to aging men.
